Abstract: Extracellular proteolysis of basement membranes and matrix is required for leukocyte diapedesis and migration to the inflammatory focus. Neutrophil elastase (NE) and matrix metalloproteinases (MMPs) are among the enzymes involved in these processes, as shown in mice genetically deprived of such enzymes. However, studies with MMP-9 ؊/؊ mice revealed that albeit neutrophil influx is impaired initially in these animals versus controls, neutrophilia is subsequently augmented during later stages of zymosan peritonitis. MMP-9 as a MMP and NE as a serine protease belong to different enzyme classes. As MMP-9 and NE are produced by neutrophils and have similar biological effects on matrix remodeling, it was evaluated whether enhanced NE activity might compensate for the lack of MMP-9. In genetically uncompromised mice, two waves of NE expression and activity during zymosan peritonitis were observed in inflammatory neutrophils and macrophages at the time of influx of the respective cell populations into the peritoneum. Additionally, NE expression was associated with the activity of resident peritoneal mast cells and macrophages, as their depletion reduced NE activity. Most importantly, the NE mRNA and protein expression and activity were enhanced significantly in MMP-9 ؊/؊ mice during late stages of zymosan peritonitis. In addition, the application of a selective NE inhibitor restrained enhanced neutrophil accumulation significantly. In conclusion, during acute peritoneal inflammation, NE expression and activity increase gradually, facilitating leukocyte influx. Moreover, increased NE activity might compensate for a genetic lack of MMP-9 (as detected in MMP-9 ؊/؊ mice), resulting in delayed accumulation of neutrophils during late zymosan peritonitis. J. Leukoc. Biol. 85: 000 -000; 2009.
INTRODUCTION
Zymosan-induced peritoneal inflammation follows the course characteristic for an acute inflammatory response [1] [2] [3] [4] [5] [6] [7] [8] [9] . The highlight of zymosan peritonitis is accumulation of inflammatory neutrophils in the inflamed peritoneum, preceded by their diapedesis and chemotaxis [1, 5, 8] . These processes depend on production of keratinocyte-derived chemokine and MCP-1 [1, 8] ; however, to cross vascular basement membranes and to continue a subsequent migration through the extracellular matrix (ECM), protease activity is required. Such enzymatic activity is executed by pericellular proteases that include matrix metalloproteinases (MMPs), serine proteases, along with neutrophil elastase (NE), cysteine proteases, and membrane-bound aminopeptidases [10 -13] . Different classes of these enzymes possess specific biochemical characteristics, but the spectra of their biological substrate specificities overlap partially, resulting in redundancy for the degradation of the ECM. Cellular synthesis of NE takes place at the promyelocytic stage of neutrophil development and turns off in mature neutrophils once the enzyme has accumulated in azurophil granules [14] . NE is produced as an inactive zymogen. It is activated by, e.g., cathepsin C, and it might be inactivated by a natural inhibitor of NE, ␣1-antitrypsin (␣1-AT) [10, 11] . The intracellular action of NE is linked mainly to antimicrobial activity [14] . In addition, extracellular NE acts on cell-surface ligands and receptors (e.g., TNFR, CD14) and adhesion molecules (e.g., integrins), and it changes the biological activity of some cytokines (e.g., TNF-␣), chemokines (e.g., IL-8), and growth factors (e.g., TGF-␤; for review, see refs. [10, 11, 14] ). ECM degradation is one of the best-known functions, as NE is capable of digesting many types of matrix proteins, including (denatured) collagen, fibronectin, laminin, proteoglycans, and cross-linked fibrin [10] . Despite this fact, a function of NE in leukocyte transmigration remains ambiguous. In vitro studies showed a nonredundant [15] or redundant [16] role of NE in neutrophil migration through artificial basement membranes. Similarly, in vivo studies with NE Ϫ/Ϫ knockout (KO) mice were inconclusive, as some negated a role of NE in inflammation-related neutrophil migration [17, 18] , whereas others confirmed such a role [19 -22] . These studies were performed with different inflammatory animal models, and this might explain some observed discrepancies, as, e.g., the mechanisms of neutrophil transmigration in the systemic and the pulmonary circulations differ [11] . Additionally, it might be that NE is required for neutrophil migration in response to some but not all stimuli. For example, Young and co-workers [20] showed that in NE Ϫ/Ϫ , mice firm adhesion and transmigration of neutrophils are impaired upon in vivo zymosan but not upon IL-1␤ or TNF-␣ administration, and similar observations were made when wild-type (WT) mice were injected with a specific NE inhibitor, N-[2-[4-(2,2-dimethylpropionyloxy)phenylsulfonylamino]benzoyl] aminoacetic acid (ONO-5046).
Another important role of NE is its regulation of MMPs. It was shown that NE changes the proteolytic balance in favor of matrix breakdown by activating MMP-2, MMP-3 [23] , and MMP-9 [24, 25] and inactivating the MMP-9 inhibitor, tissue inhibitor of metalloproteinase 1 [26] . In addition, MMP-9 degrades ␣1-AT, thus enhancing NE activity indirectly [27] . Moreover, MMP-9 (gelatinase B), in conjunction with, e.g., neutrophil collagenase (MMP-8) [28] , degrades collagens, fibronectin, elastin, laminin, and denaturated, interstitial collagen (gelatin), some of which are also substrates of NE [12, 29, 30] . Therefore, it is apparent that the activities of both enzymes depend, at least partially, on each other, and they share common substrates.
Previously, it was shown that MMP-9 itself plays a role in neutrophil extravasation and chemotaxis in vivo [31] . In line with this, we showed that during zymosan peritonitis, a normal neutrophil influx (with a peak at 6 h) requires MMP-9 activity, as in mice genetically deprived of MMP-9, the neutrophil influx was impaired [5] . Surprisingly, however, at later timepoints (Ͼ24 h), neutrophil numbers were increased in MMP-9 Ϫ/Ϫ versus WT mice [5] . Therefore, the aim was to evaluate if the late, enhanced neutrophil accumulation at the inflammatory focus is accomplished by a compensatory activity of some other protease with similar substrate specificity. The presented results reveal that indeed the lack of MMP-9 is, at least partially, compensated by enhanced NE activity.
MATERIALS AND METHODS

Mice
Male MMP-9/gelatinase B KO mice were generated by a replacement KO strategy for the gene of gelatinase B, as described by Dubois et al. [32] . The KO mice (10 generations backcrossed to C57BL/6) and their respective controls on a C57BL/6 background genotype (6 -8 weeks old, 24 -27 g body weight) were bred under specific pathogen-free conditions at the animal unit of the Rega Institute for Medical Research, University of Leuven (Belgium), and after genotyping, shipped to Poland. Mice were kept at a room temperature of 20 Ϯ 2°C and a 12-h:12-h light:dark cycle. The mice were fed on a commercially pelleted diet, and tap water was available ad libitum. The animals were housed at four to five mice per polycarbonate cage on beddings containing dust-free, microbiologically clean soft wood granules. The local ethical committees in Poland and Belgium approved all in vivo experiments.
Peritonitis
Peritoneal inflammation was induced as described previously [8, 33] . Zymosan A (Sigma-Aldrich, St. Louis, MO, USA) was freshly prepared (2 mg/ml) in sterile 0.9% w/v saline, and 0.5 ml was injected i.p. Some animals were left untreated (Time 0). At selected time-points, animals were killed by decapitation. The peritoneal cavity was lavaged with 1 ml saline, and after 30 s, gentle manual massage exudate (peritoneal lavageϭcollected peritoneal fluid) was retrieved, centrifuged at 1500 rpm for 3 min, and frozen at -20°C prior to analysis. Cells were counted with a hemocytometer following staining with Turk's solution (0.01% crystal violet in 3% acetic acid) as described previously [8] .
Cell depletion
Resident peritoneal mast cells
Resident peritoneal mast cells were functionally depleted by a single i.p. injection of compound 48/80 (Sigma-Aldrich) in a dose of 1.2 mg/kg (100 l/mouse) 72 h before the animals were killed [7, 34] . Compound 48/80 induces mast cell degranulation, and substances/mediators released from mast cells are cleared up from the peritoneum or expire by Day 4 post-treatment, as shown by lack of any signs of cytokines/chemokines and other mediators in the peritoneal cavity at that time [1, 34, 35] . Functional mast cells do not reappear in the peritoneum during this time interval [1, 7, 34, 35] . Successful functional depletion of mast cells was confirmed by microscopic analysis of safranin O-positive peritoneal leukocytes (PTLs; ref. [8] , and data not shown) collected from compound-treated and untreated mice (at Time 0). The treatment led to functional depletion of over 94% of mast cells.
Resident peritoneal macrophages
Multilamellar liposomes containing dichloromethylene diphosphonate (Cl 2 MDP-liposomes) were prepared as described previously [36] . Resident peritoneal macrophages were depleted by i.p. injections of 100 l Cl 2 MDPliposomes for 3 consecutive days, and mice were killed on Day 4 [1, 7, 35] . Control mice were injected with PBS-liposomes (liposomes containing PBS) or sterile saline. Cl 2 MDP was a gift of Roche Diagnostics GmbH (Mannheim, Germany). The successful depletion was confirmed by immunocytochemical analysis of membrane attack complex 3 (Mac-3)-positive PTLs (ref. [7] , and data not shown), collected from Cl 2 MDP-treated and untreated mice. The treatment led to Ͼ90% depletion of macrophages at Time 0. Whenever studies about mast cell-depleted (MCx) or macrophage-depleted (Møx) mice are discussed, animals with normal resident PTL populations are marked as controls (ctr).
Quantitative RT-PCR analysis
The peritoneal cavity (of zymosan-treated or untreated mice) was lavaged with saline as described in the Peritonitis section. The peritoneal lavage was subsequently centrifuged (1500 rpm for 3 min), and the cell pellets were collected. Total RNA was isolated from the cells using the QIAshredder and RNeasy mini kit (Qiagen, Valencia, CA, USA). The amount and purity of the total RNA were determined by spectophotometry (GENESYS 10 UV, Thermo Electron Corp., Waltham, MA, USA) at 260 nm. RNA was translated into single-stranded cDNA using the Superscript cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA) and random hexamer primers (Amersham Biosciences, Piscataway, NJ, USA). Relative gene expression levels were determined using real-time PCR TaqMan technology (GeneAmp 5700 sequence detection system, Applied Biosystems, Foster City, CA, USA) and SYBR green (Eurogentec, San Diego, CA, USA) incorporation and are expressed as the relative RNA quantification of a fold difference between the samples. The mouse hypoxanthine phosphoribosyltransferase (HPRT) gene served as an internal standard. The following mouse-specific primers (5Ј-3Ј) were used: HPRT, ACACCT-GCTAATTTTACTGGCAACA, TGGAAAAGCCAAATACAAAGCCTA; NE, ATTTCCGGTCAGTGCAGGTAGT, GGTCAAAGCCATTCTCGAAGAT.
Immunocytochemistry
Cytospin preparations of PTLs were fixed with a methanol:acetone mixture (1:1) and stored at -20°C until analysis. On the day of analysis, the slides were washed three times in PBS and TBS (PBS with 0.25% Triton-X and 0.25% BSA) in the following sequence: 5 min in PBS, 3 min in TBS, and 3 min in PBS; all of the following washings were performed in the same manner. Endogenous peroxidase activity of the cells was blocked with 3% H 2 O 2 (Polskie Odczynniki Chemiczne S.A., Poland), and after washings, the nonspecific protein-binding sites were blocked by incubation with 3% BSA (Sigma-Aldrich). The cytospins were further treated overnight at 4°C with rabbit anti-mouse NE IgG (Calbiochem, San Diego, CA, USA), diluted 1:100 in TBS containing 1% BSA. Thereafter, the slides were washed and incubated with goat anti-rabbit IgG antibody conjugated with HRP (Sigma-Aldrich; diluted 1:1000) for 1 h. The products of the reaction were visualized with 3Ј,3Ј-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) as described previously. All incubations were conducted at room temperature, except those with anti-NE antibodies, which were in a humid chamber. The cells were counterstained further with Harris hematoxyline (Stamar) to facilitate identification of positive and negative cells. Negative controls were incubated without primary or secondary antibody. The cytospin preparations were examined under a light microscope (400ϫ) and photographed at a magnification of 1000 (Coolpix 4500, Nikon, Japan). The percentage of NE-positive cells was counted with an eyepiece graticule (20ϫ20). For each time-point, at least three cytospins were stained and analyzed, from which three to four fields were counted. The percentage of NE ϩ PTLs was recalculated per PTL numbers and is shown here as absolute, NE-positive cell numbers in the peritoneum.
NE activity
The activity of free elastase in the inflammatory fluid was assessed with a chromogenic substrate specific for NE: N-methoxy-succinyl-Ala-Ala-Pro-Val p-nitroanilide (Sigma-Aldrich) [37, 38] . For each sample, 100 l collected peritoneal fluid and 100 l 0.2 M Tris-HCl buffer (pH 8.0; BioRad, Hercules, CA, USA) containing 0.2% BSA (Sigma-Aldrich) were placed in a well of a 96-well plate. Then 10 l 5 mM substrate dissolved in 1-methyl-2-pyrrolidinone (Sigma-Aldrich) was added. The optical absorption of the hydrolysis product, p-nitroaniline, was read with a Microplate Reader Expert Plus (ASYS Hitech, Cambridge, UK) at 405 nm after 24 h incubation at 37°C [37, 39] . The NE concentration in the samples was calculated from a standard curve of elastase from human leukocytes (Sigma-Aldrich) and is expressed in units/ml (one unit releases one nanomole of p-nitrophenol/s from BOC-L-alanine pnitrophenyl ester at pH 6.5 at 37°C).
NE inhibition
The activity of NE was inhibited by a treatment of mice with a potent, highly selective NE inhibitor ONO-5046 (elastase inhibitor IV, Calbiochem), which was administrated i.p. at the 6th h of zymosan peritonitis (200 mg/kg) [40 -42] . The drug inhibits elastase obtained from leukocytes of mice, rabbits, rats, and hamsters at a comparable level with that of human leukocyte elastase (IC 50 0.044Ϯ0.003 M; inhibitor constant 0.20Ϯ0.02 M), and it shows 100-fold greater selectivity toward leukocyte elastase than pancreatic elastase, whereas it is inactive against trypsin, thrombin, plasmin, kallikrein, chymotrypsin, and cathepsin G [40] .
Statistical analysis
All values are reported as means Ϯ SD. Kinetic changes of each parameter were analyzed by one-way ANOVA, comparing the values recorded at the individual time-points with those at Time 0 (in zymosan-untreated animals). Differences between control and Møx or MCx animals as well as between WT and KO mice were analyzed by Student's t-test. Differences were considered statistically significant at P Յ 0.05.
RESULTS
Kinetics of NE mRNA expression during zymosan peritonitis
Basal levels of NE transcripts were present in PTLs of untreated mice (Fig. 1A) . Upon zymosan injection, the NE mRNA levels first decreased as detected at 2 h of inflammation. Thereafter, the levels rose sharply and reached the highest values 6 h post-zymosan (Fig. 1A) . A second, albeit moderate, increase of the amount of NE transcript was observed at 12 h of peritonitis, and this decreased to the level detected in untreated mice (Fig. 1A) .
Kinetics of NE protein expression during zymosan peritonitis
The kinetic changes of accumulation of different leukocyte types during zymosan peritonitis are shown in Figure 1B . During the first 2 h of inflammation, major leukocyte types present in the peritoneum were resident populations of mast cells, mononuclear macrophages, and lymphocytes (Fig. 1B) . Fig. 1 . Kinetic changes of NE expression and activity during zymosan peritonitis in mice, which were i.p.-injected with zymosan and decapitated at the selected time-points; some animals were left untreated (Time 0). Relative NE mRNA expression was estimated in pellets of PTLs (A). Numbers of NE ϩ PTLs among all leukocytes present in the peritoneum were counted. PMN, Neutrophils; Mo, macrophages; MC, mast cells (B). Peritoneal lavages were used for evaluation of NE activity in inflammatory exudate (C). All results are shown as means Ϯ SD in groups of three to five mice. Statistical comparisons were made for all time-points and are indicated by letters (a-d). If two time-points share the same letter, the observed levels at these time-points are not different according to ANOVA (PϽ0.05), whereas different letters between two timepoints indicate statistical differences.
As
, neutrophils started to decrease. At 24 h of peritonitis, macrophages dominated in the inflamed peritoneum (Fig.  1B) . Mast cell numbers remained low and fluctuated slightly during the inflammation [3] .
PTLs expressing NE (NE ϩ PTL) were present at low numbers in the peritoneum of unstimulated mice. Similarly to the numbers of mononuclear cells and mast cells [3, 8] , NE ϩ PTL numbers dropped initially (between 0.5 and 2 h of inflammation) and then started to increase (Fig. 1B) . Maximal NE ϩ PTL numbers were recorded at 6 h of peritonitis (Fig. 1B) . After the drop at 8 h, a second increase in NE ϩ PTL counts was observed at 12 h of inflammation. After that time-point, the numbers started to level off and returned by Day 7 to the levels detected in untreated animals (Fig. 1B) . At the 6th h of peritonitis, NE was expressed almost exclusively in neutrophils, whereas at 12 h and 24 h of peritonitis, in neutrophils and inflammatory macrophages. This was deduced from Figure  1B by comparison of the numbers of NE ϩ PTLs with those of neutrophils and macrophages and was verified by double immunocytochemistry with anti-NE and anti-Gr-1 (neutrophil marker) or anti-Mac-3 (macrophage marker) antibodies (data not shown).
Kinetics of NE activity during zymosan peritonitis
Some NE activity was detected in mice not treated with zymosan (Fig. 1C) . After an initial drop (at 30 min), NE activity reached the highest levels at 6 h of peritonitis. At 8 h of inflammation, a reduction of NE activity was observed, and it was followed by a second significant increase at 12 h (Fig. 1C) . At 24 h of peritonitis, NE activity returned to the levels detected in unstimulated animals.
Cell-specific NE expression and activity in resident PTLs
To investigate the expression of NE in resident leukocytes present in the peritoneum of untreated mice, some animals were MCx or Møx. The removal of macrophages significantly reduced the total numbers of PTLs present in the peritoneum (data not shown). As expected, the removal of functional mast cells did not drastically decrease the PTL counts, as mast cell numbers are small in comparison with macrophage counts (in the order of 10 4 vs. 10 6 cells in the peritoneum of healthy mice, respectively) [3, 8] . Moreover, compound 48/80 does not deplete mast cells per se but induces mast cell degranulation to block their function. As shown in Figure 2A , the removal of macrophages or functional mast cells decreased numbers of NE-positive leukocytes present in unstimulated peritoneum. Similarly, the procedures leading to removal of either population of resident PTLs (mast cells or macrophages) led to attenuation of NE activity in the fluid collected from the peritoneal cavities of zymosan-untreated mice (Fig. 2B) . This indicates that the expression and activity of NE are partially dependent on the function of macrophages and mast cells.
NE mRNA levels in inflammatory leukocytes of MMP-9
Ϫ/Ϫ mice (KO) and their controls (WT)
In unstimulated PTLs, similar basal levels of NE mRNA were observed in WT and KO mice (Fig. 3A) . At 6 h of zymosan peritonitis, PTLs of WT animals contained more NE transcript than those of KO mice. At 12 h and 24 h of inflammation, however, more NE mRNA was detected in KO than WT inflammatory leukocytes (Fig. 3A) .
NE expression in inflammatory leukocytes of MMP-9
Ϫ/Ϫ
mice (KO) and their controls (WT)
The total number of PTLs was significantly lower in KO than WT mice at 6 h of zymosan peritonitis (dashed lines, Fig. 3B ). At 24 h of inflammation, an opposite phenomenon was observed, and the numbers of PTLs were significantly higher in KO than WT animals (dashed lines, Fig. 3B ). In line with previous findings, neutrophils, and not macrophages, contributed to these cell differences between WT and KO mice (data not shown and ref. [5] ). Seven days after induction of peritonitis, no significant differences in leukocyte numbers between the groups of mice were detected (data not shown). For up to 6 h of peritonitis, no differences in NE-positive leukocyte counts present in zymosan-inflamed peritoneum were detected between the two groups of mice (solid lines, Fig.  3B ). At 12 h and 24 h of inflammation, approximately three times more NE ϩ PTLs were detected in the peritoneum of KO than of WT mice (solid lines, Fig. 3B ). At Day 7, only a tendency (statistically not significant) to higher expression of NE in KO than in WT mice was observed (data not shown). At 12 h of inflammation, less PTLs, collected from WT mice, expressed NE than was observed in C57Bl/6J mice (Fig. 1B) . This could have been a result of the fact that WT mice may not be 100% genetically identical to C57BL/6J mice [32] . However, we scrutinized the comparisons between WT and KO mice by using littermates of the 10th backcross generation into a C57BL/6J background.
NE activity in inflammatory leukocytes of MMP-9 Ϫ/Ϫ mice (KO) and their controls (WT)
Within the time interval of the first 6 h of zymosan peritonitis, no differences in NE activity levels were observed in the peritoneal fluids collected from WT and KO mice (Fig. 3C) . From 12 h of inflammation onwards, however, NE activity was much higher in KO than WT animals ( Fig. 3C) . At Day 7 post-zymosan, no differences in NE activity were found between the two groups of mice (data not shown).
Neutrophil infiltration upon NE inhibition during late peritonitis
The application of a selective NE inhibitor at the time-point of maximal neutrophil accumulation in WT mice but before the neutrophil levels rise in KO mice (6 h of peritonitis) led to a significant reduction of neutrophil influx at 24 h of peritonitis in the KO mice (Fig. 4A) but not in the WT animals. Nevertheless, the absolute numbers of neutrophils were still significantly higher in inhibitor-treated KO mice than in the respective WT animals. The application of the NE inhibitor led to a Fig. 3 . Kinetic changes of NE expression and activity during zymosan peritonitis in MMP-9 Ϫ/Ϫ (KO) and WT mice. Mice were i.p.-injected with zymosan and decapitated at the selected time-points; some animals were left untreated (Time 0). Relative NE mRNA expression was measured in pellets of PTLs (A), numbers of NE ϩ PTLs and total PTLs were estimated (B), and peritoneal lavages were used for evaluation of NE activity in inflammatory exudate (C). All results are shown as means Ϯ SD in groups of three to five mice. Some differences between WT and KO mice are statistically significant at *, 0.01 Յ P Յ 0.05, and **, P Ն 0.001. Fig. 4 . Effects of selective NE inhibition on inflammatory leukocyte infiltration during zymosan peritonitis in MMP-9 Ϫ/Ϫ (KO) and WT mice. Mice were i.p.-injected with zymosan and decapitated at 24 h of peritonitis. Some animals were additionally treated with a selective NE inhibitor (ONO-5046) 6 h after induction of peritonitis. The control mice were injected with saline. The impact of NE inhibition on the content of neutrophil (A) and macrophage (B) numbers in the peritoneal exudate was monitored. All results are shown as means Ϯ SD in groups of three mice. A statistically significant difference between inhibitoruntreated and -treated mice is *, 0.01 Յ P Յ 0.05; #, a significant difference between KO mice and correspondingly treated WT animals. significant impairment of inflammatory macrophage influx in both groups of mice (Fig. 4B) . This effect was more apparent in KO than WT inhibitor-treated mice. The successful inhibition of NE was verified by measurement of NE activity in the peritoneal fluid collected from inhibitor-treated and untreated mice (data not shown). To further prove that the enhanced NE expression and activity are responsible for the increased numbers of neutrophils observed in MMP-9
Ϫ/Ϫ mice, we have injected WT littermates with ongoing zymosan peritonitis with human leukocyte elastase (30 mU/mouse, 12 h post-zymosan). The study showed that indeed, more leukocytes, especially neutrophils, were observed at 24 h of peritonitis in animals that received the additional NE supplementation (data not shown).
DISCUSSION
NE possesses a potent serine protease activity [11] . Despite its name, it has been reported that NE can also be expressed in cell types other than neutrophils, mostly of myelomonocytic cell-lineage origin. In particular, promonocytes U937 [43] , alveolar macrophages [44] , freshly isolated blood monocytes, monocyte-derived macrophages, macrophages present in atherosclerotic plaques, and vascular endothelial cells in culture [45] were shown to contain NE mRNA and produce active NE. Here, we detected NE expression within unstimulated PTLs. Unstimulated mouse peritoneum is, in principle, neutrophilfree and contains mainly peritoneal macrophages, lymphocytes, and some mast cells [46] . However, lymphocytes do not contribute to zymosan peritonitis, as shown in Rag-deficient mice [4] . Our study revealed that mast cells and especially macrophages express NE. Furthermore, we showed that these cells release some basal levels of active NE to the extracellular space without stimulation. Previous ex vivo studies about monocytes and monocyte-derived macrophages did not show evidence for spontaneous or IL-1␤-, TNF-␣-, or IFN-␥-mediated release of NE from these cells; only CD40 ligand interaction resulted in NE release from monocytes [45] . In relation to the latter finding, a possible function of NE released in physiological conditions might be the involvement in programmed cell death that occurs in the peritoneum as part of a normal cell turnover cycle (E. Kolaczkowska et al., in preparation). A role of NE in induction of apoptosis has been described previously [47] . In addition, NE added to epithelial cells was shown to decrease the mitochondrial membrane potential, release cytochrome c, and cleave caspases 9 and 3, leading to apoptosis [48] .
The kinetic analysis of NE mRNA expression and activity during zymosan peritoneal inflammation revealed two waves: a maximal one at the time of the highest neutrophil accumulation (at 6 h) and a second one, much weaker, when macrophages started to infiltrate the peritoneum (at 12 h). At 6 h, NE protein was expressed mostly in predominant neutrophils, and at 12 h, NE was observed in inflammatory neutrophils and macrophages. Therefore, stored NE might be sufficient for the immediate neutrophil reaction to the inflammatory stimulus, but to sustain a fight against a pathogen, the synthesis of a new NE is required. It was reported originally that mature blood neutrophils, blood monocytes, and alveolar macrophages do not carry NE transcripts [49] . However, more recently, Dollery and co-workers [45] reported the detection of NE transcripts in blood monocytes, monocyte-derived macrophages, inflammatory macrophages, and endothelial cells. Moreover, promyelocytic HL-60 cells, when differentiating under the pressure of DMSO, produce NE transcripts, and nicotine increases NE mRNA levels in these cells [50] . The second increase of NE transcripts and protein during zymosan peritonitis was detected not only in inflammatory neutrophils but also in inflammatory macrophages, and this corresponded to data about NE mRNA and protein presence in inflammatory macrophages collected from arteriosclerotic plaques [45] . The increased NE levels were also reported in chronic inflammatory disorders such as Crohn's disease and ulcerative colitis [51] . From the current studies about WT controls of C57BL/6 background (for MMP-9 Ϫ/Ϫ mice), we can conclude that at late stages of peritonitis, the macrophage infiltration is connected to NE activity, as the NE inhibitor impaired macrophage influx. As documented here, NE expression during zymosan peritonitis is followed by a release of the active enzyme to the inflammatory fluid. The fact that we have detected the same phenomenon at three levels (transcription, translation, activity) supports the robustness of our finding. Functions of NE during zymosan peritonitis could be numerous. First of all, it participates in leukocyte diapedesis (as discussed above) but might also play a role in intracellular fungal killing. Recently, Young and co-workers [20] have shown that leukocytes from NE Ϫ/Ϫ mice phagocytose zymosan particles badly, and the authors hypothesized that this might be connected to a potential role of NE in, e.g., physical breakdown of zymosan particles facilitating their uptake. Moreover, it was reported that neutrophils are able to secrete discrete webs of extracellular fibers that contain DNA, histones, and granule proteases, including NE. Such webs are called neutrophil extracellular traps (NETs), and they are meant to entrap bacteria and fungi that are then digested by NE activity present within NET [52, 53] .
The major aim of the current study, however, was to elucidate the interactions between NE and MMP-9 in terms of their backup expression and activity. We described previously that an initially compromised neutrophil influx (at 6 h) is subsequently overshot (at 24 h) in mice genetically deprived of MMP-9 [5] . As in the majority of the studies, NE and MMP-9 were shown to be, at least partially, required for normal leukocyte diapedesis and chemotaxis [2, 5, 6, 13, 16, 19 -21] , we evaluated whether the lack of MMP-9 could be compensated by NE activity, resulting in enhanced neutrophil accumulation during late peritonitis. We detected indeed that the mRNA and protein expression of NE in inflammatory leukocytes was increased in MMP-9 Ϫ/Ϫ mice after 12 h of inflammation. Consequently, the amount of active NE released to the inflammatory fluid was higher in MMP-9 Ϫ/Ϫ animals than in the WT mice at that time interval. To demonstrate directly the function of increased NE activity on peritoneal entry of neutrophils in the animals lacking MMP-9, a specific NE inhibitor was injected into the peritoneum of MMP-9 Ϫ/Ϫ and WT mice. Preliminary studies confirmed that the inhibitor, applied 1 h before induction of peritonitis, indeed decreased NE activity and impaired neutrophil influx significantly at 6 h of peritonitis (data not shown). Then, the inhibitor was injected at 6 h of inflammation to avoid inhibition of the primary neutrophil infiltration (peaking at this time-point) and of NE activity before augmented neutrophil influx occurs in KO animals (at 24 h). Our data showed that the application of the specific NE inhibitor significantly decreased otherwise enhanced neutrophil accumulation in MMP-9 Ϫ/Ϫ mice at 24 h of peritonitis. The numbers of neutrophils, however, still remained at higher levels in those animals than in the inhibitor-treated WT mice. These data indicate that increased NE activity is an important but not the exclusive factor responsible for this phenomenon. It may also be that the activity of other protease(s) is increased, as, e.g., we observed increased expression of MMP-12 (macrophage elastase) at the mRNA level in MMP-9
Ϫ/Ϫ mice (data not shown).
Therefore, we hypothesize that as NE and MMP-9 were shown to activate each other directly [24, 25] or indirectly [26, 27] and to degrade a similar spectrum of substrates, including basement membrane and ECM molecules and growth factors/ cytokines/chemokines [12, 29, 30] , an increased production of one of both could compensate for the other. Such a phenomenon was shown previously for MMP-9 and MMP-2 during malignant keratinocyte angiogenesis. It was shown that a single deficiency of either gelatinase did not impair tumor invasion and vascularization in contrast to the combined lack of MMP-2 and MMP-9 [54] . In our model, however, MMP-2 does not compensate for the lack of MMP-9 in the KO mice, as the application of a specific gelatinase inhibitor in MMP-9 Ϫ/Ϫ mice did not change their response to zymosan [5] .
In conclusion, we have shown that NE is up-regulated at different levels-gene expression, protein synthesis, and activity-during a course of zymosan peritonitis, and this has an impact on neutrophil and macrophage inflammatory influx. Furthermore, we have proven that the cellular sources expressing NE also include, beyond neutrophils, resident peritoneal macrophages and mast cells, as well as inflammatory neutrophils and macrophages. Finally, we have demonstrated that increased accumulation of neutrophils at late stages of zymosan peritonitis in MMP-9 Ϫ/Ϫ mice is at least partially a result of the increased expression and activity of NE. This constitutes an example of a compensatory action of proteases from different classes (serine proteases vs. metalloproteases) with similar substrates and functional characteristics.
